SUMMARY The widespread use of stainless steel for sample probes, connectors, and sample stream splatters in autoanalyser systems can lead to significant differences in the amount of calcium available for analysis. At alkaline pH calcium can be adsorbed onto the metallic components of the sampling system, and under more acidic conditions calcium can be released. Thus an alkaline sample will have an apparently reduced calcium content, while a more acidic sample may have an apparently increased concentration of calcium. By using non-metallic components in the sampling system this source of error can be eliminated.
It has been observed that autoanalyser methods for the determination of serum calcium can occasionally give falsely low values, and that quality control sera of known calcium content from different sources can give different results (Varley, 1967) . Hall and Whitehead (1970) have shown that this type of variation might be due to the adsorption of calcium onto the walls of plastic autoanalyser cups. This latter effect was due to the relatively high pH that unsealed specimens of serum can reach by the loss of dissolved carbon dioxide to the atmosphere.
The data presented here suggest that a similar pH-dependent adsorption occurs onto the surface of stainless steel components, in particular the stainless steel sample probe commonly used in autoanalyser sampling systems. An attempt has been made to quantitate errors produced by the variation in serum and standard pH, and a method of eliminating the effect is described.
Methods
Calcium estimations were carried out at a sampling rate of 90 specimens per hour using a Hook and Tucker A40 sampler, an Ismatec MP25 pump, and a Vitatron UPS colorimeter and UR 40 recorder. Undialysed sample was mixed with a solution of the following composition: O-cresolphthalein 42 mg/l, 8-hydroxyquinoline 2-50 g/l, and concentrated hydrochloric acid 20 mI/l. After passing through a Received for publication 19 July 1978 single mixing coil a solution of diethylamine (37T5 ml/l) was added, and the solution passed through a further two double mixing coils. The developed colour was measured at 598 nm in a 1-cm Helma flow cell. The flow rates were as follows: 0-cresolphthalein solution 2-50 ml/min, air 2-90 ml/min, sample 0-10 ml/min, and diethylamine 2-90 ml/min.
A stock calcium standard solution (2-5 mmol/l) was prepared by dissolving 2-50 g of dried analytical grade calcium carbonate in 50 ml of 1 M hydrochloric acid, which was then made up to 1 litre with distilled water. Further dilutions were made in distilled water to give a range of standards from 1-00 to 3 50 mmol/l. The pH of the standards was adjusted by the addition of dilute solutions of sodium hydroxide or hydrochloric acid before they were made up to their final volumes with distilled water.
Sera from the hospital population were pooled, filtered, and stored at -200C. The pH of aliquots of this pool was adjusted by the addition of dilute solutions of sodium hydroxide or hydrochloric acid to give values ranging from pH 2-3 to 9 3. All pH measurements were made using a Radiometer BMS 3 blood gas analyser. adsorbed calcium. A specimen of serum was sampled eight times using the stainless steel and polypropylene probes. Using the metal probe there appeared to be a reduction of 0-28 mmol/l in the calcium content of the first specimen sampled compared with the apparent calcium content of later specimens of the same serum (Table 1 ). This effect was almost absent when the stainless steel probe was replaced with the probe made from polypropylene (Table 1) . After the sampling of sera with the stainless steel probe, the adsorbed calcium was completely eluted by sampling 50 mmol/l hydrochloric acid. No calcium could be eluted from the polypropylene probe after sampling sera. In order to relate the extent of adsorption of calcium to the pH of the sample, the pH of pooled serum was adjusted, as already described, and sampled alternately with 50 mmol/l hydrochloric acid. The purpose of the dilute acid was to prevent the build-up of calcium on the probe, so that the adsorption of calcium from each specimen at a given pH could be evaluated independently. The Figure illustrates how, with increasing pH, lower calcium values are obtained with the stainless steel probe compared with the polypropylene probe for the same serum. Hall and Whitehead (1970) suggested that the adsorption of calcium onto autoanalyser cups may be related to the inability of albumin to bind more calcium above pH 8-0, described by Katz and Klotz (1953 Figure it might be expected that a typical change in pH from 7-4 to 8-0 would reduce the apparent calcium content of a specimen by about 0-03 mmol/l when a stainless steel probe is used. To confirm this, identical pools of serum were prepared, one at pH 7-44 and one at pH 8-15. Five samples from each pool were dispensed into autoanalyser cups and analysed immediately using stainless steel and polypropylene probes. For each probe five replicates at pH 7-44 preceded five replicated at pH 8-15. In a second experiment, this order was reversed. The results shown in Table 2 demonstrate that, after base line drift correction, there was a reduction in the apparent calcium content of the first of the more alkaline specimens, and, conversely, there was an apparent increase in the calcium content in the first of the more acidic specimens. It can be seen that the difference between specimens 5 and 6 was 0-03 mmol/l in both cases. Using the polypropylene probe, there was no pH-dependent variation in calcium content.
The effect of this phenomenon on precision was demonstrated using the same identical pools of serum with differing pH values. Ten replicate sera were loaded onto the sampler with a pH of 7-44, and 10 replicate sera with a pH of 8-15 were loaded in between them, so that the sample pH An interfering factor in the automated analysis of calcium alternated between 7A44 and 8-15. These specimens were then immediately analysed using the stainless steel and polypropylene probes. The mean value for calcium content, standard deviation, and percentage coefficient of variation using the two probes are shown in Table 3 . Using the stainless steel probe the within-batch coefficient of variation was 064 % while the polypropylene probe gave a value of 0.29%. Varley (1967) found that on occasion autoanalyser techniques for serum calcium gave low values, and in these circumstances control sera, from different sources of known calcium content, behaved differently. This type of variation has been attributed to the adsorption of calcium onto the walls of plastic autoanalyser cups as sera lose dissolved carbon dioxide and become more alkaline (Hall and Whitehead, 1970) . Another effect, which is related to the pH of sera and which may introduce either negative or positive errors in calcium determinations, is described here.
Stainless steel components within the sampling system of autoanalysers, which come into contact with specimens, can act as pH-dependent ion exchangers, adsorbing calcium under alkaline conditions and releasing calcium under more acidic conditions. An acid-washed stainless steel probe can reduce the apparent calcium content of the first of replicate sera by 0 28 mmol/l at pH 7 95 (Table 1) . The adsorbed calcium can be released by sampling 50 mmol/l hydrochloric acid. These effects almost disappear when the sample probe is replaced by one made from polypropylene (Table 1) .
It seems very unlikely that this phenomenon is due to differing carryover characteristics of stainless steel and polypropylene sample probes for two reasons. After the sampling of sera, the adsorbed calcium can be eluted from stainless steel probes with 50 mmol/l hydrochloric acid after some hours of washing with distilled water. Secondly, the carryover between 3 50 and 2-50 mmol/l aqueous calcium standards was 1 % for both types of probe, while the carryover between two sera having calcium concentrations of 3-56 and 2-55 mmol/l was 4.5% and 5 0 % for stainless steel and polypropylene probes respectively. The similarity in percentage carryover for both types of probe tends to rule out the possibility that carryover is the explanation for the differing results.
More detailed investigation revealed that there was a relationship between the pH of the specimen and the amount of calcium adsorbed, and that the effect seemed to occur in both serum and aqueous standards (Figure) . It appears, therefore, that the adsorption of calcium by steel surfaces is not related to the uptake of calcium by albumin under alkaline conditions, described by Katz and Klotz (1953) .
The implications of this type of adsorption within the routine laboratory could be quite serious. Obviously sera presented for calcium analysis will not range from pH 2-3 to 9-3 (Figure) . However, there is sufficient variation in the pH of sera to cause significant errors. Clearly, a very fresh specimen will approach the pH of the patient, but on exposure to the atmosphere the specimen will rapidly lose carbon dioxide and become more alkaline. The variation in specimen pH is illustrated in Table 4 using a variety of sera. The adsorption of calcium onto metallic surfaces is likely to cause errors in three ways. First, acidic standards can give falsely high results, due to the elution of adsorbed calcium, and hence reduce the values assigned to patients' sera. Secondly, the common practice of including drift specimens at regular intervals, usually an acidic standard in the middle of the analytical range, will tend to elute calcium and give a false drift correction. The specimens subsequent to the drift specimen will tend to have a reduced. calcium content. Thirdly, the between-sample pH variation can be considerable and result in both positive and negative errors, depending upon the direction of the pH change between specimens.
It seems likely that some of the problems encountered in the precise estimation of calcium in serum can be attributed to the variation in pH between specimens and standards where the sampling system contains stainless steel components. One obvious remedy is the replacement of steel sample probes with a more inert substance such as polypropylene. However, there still remains the exposure samples to the steel components contained within the sample stream splitters and the sample insert pieces used so commonly in multichannel analytical systems.
